Background
==========

Alzheimer's disease (AD) is a neurodegenerative disease, characterized by memory loss, cognitive impairment, and intellectual impairment \[[@b1-medscimonit-24-5635]\]. Worldwide, the prevalence of AD is increasing, and it has been estimated that AD will affect more than 35 million people by 2050 \[[@b2-medscimonit-24-5635]\]. Currently, AD is the most common neurodegenerative disease in humans and results in a very large and increasing economic and clinical burden on modern society \[[@b3-medscimonit-24-5635]\]. The cerebral pathology of AD is marked by the neurofibrillary amyloid plaques and abnormal protein deposits, composed of amyloid-β (Aβ) peptides (Aβ~1--40~ and Aβ~1--42~) and the accumulation of intracellular insoluble hyperphosphorylated tau proteins (p-tau). Several previously published studies have shown that AD begins in the areas of the brain that are associated with learning and memory, and then spreads to the hippocampus, temporal cortex, frontoparietal cortex, and finally to the subcortical nuclei \[[@b4-medscimonit-24-5635],[@b5-medscimonit-24-5635]\]. Currently, there are no diagnostic biomarkers for the early detection of AD, and there are no effective drug treatments that delay or prevent the progression of AD. Therefore, further studies are required to identify AD-related genes and to develop screening methods for these genes to improve the diagnosis and the therapy for AD.

Recent studies have shown that micro-RNAs (miRNAs) are involved in the pathogenesis of AD \[[@b6-medscimonit-24-5635]\], and that miRNAs might play important roles in neurogenesis, neuronal maturation, and brain development \[[@b7-medscimonit-24-5635],[@b8-medscimonit-24-5635]\], and might regulate several neurodegenerative diseases, including AD \[[@b9-medscimonit-24-5635],[@b10-medscimonit-24-5635]\]. Several miRNAs, including miR-206 and miR-219, have been shown to be associated with the pathogenesis of AD \[[@b11-medscimonit-24-5635],[@b12-medscimonit-24-5635]\], and micro-RNA-137 (miR-137) is a brain-enriched miRNA, has been shown to be associated with neurodegenerative diseases, including as schizophrenia \[[@b11-medscimonit-24-5635]\], and AD \[[@b12-medscimonit-24-5635]\]. Also, increased activity of L-type calcium (Ca2+) channels (LTCCs) has also been implicated in the pathogenesis of AD \[[@b13-medscimonit-24-5635]--[@b15-medscimonit-24-5635]\]. LTCCs consist of an α1 subunit (CaV1.1, −1.2, −1.3, or −1.4), an accessory α2Δ as well as β subunits \[[@b16-medscimonit-24-5635]\]. In these subunits, the α1 subunits not only contain the channel pore and the voltage-sensor but also determine the pharmacological properties, while the accessory subunits regulate membrane expression and gating properties of the calcium channels. Two types of LTCCs, CaV1.2 and CaV1.3, are mainly expressing in the mammalian brain \[[@b17-medscimonit-24-5635],[@b18-medscimonit-24-5635]\]. These voltage-gated calcium channels mediate calcium entry into the neurons and regulate multiple neuronal cell functions, such as synaptic plasticity, excitability, and transcriptional regulation. Association analysis has shown that miR-137 and its potential target gene *CACNA1C* (calcium voltage-gated channel subunit alpha-1 C) are reported to be associated with both schizophrenia and bipolar disorder \[[@b11-medscimonit-24-5635]\]. However, data is still lacking on the roles of miR-137 and *CACNA1C* in the pathogenesis of AD \[[@b12-medscimonit-24-5635]\].

The aim of this study was to investigate the role of miR-137 and the *CACNA1C* gene in APPswe/PS1ΔE9 (APP/PS1) double-transgenic AD mice and in human neuroblastoma SH-SY5Y cells. The study was designed to investigate the effect of miR-137 in the pathogenesis of AD both in the AD mouse model *in vivo* and in the SH-SY5Y cell line *in vitro*. The expression levels of amyloid-β (Aβ) peptides including Aβ~1--40~ and Aβ~1--42~, and levels of miR-137 with its potential target gene, *CACNA1C,* both in the mouse hippocampus and cerebral cortex were compared between the AD mouse model and healthy control mice. The study was also designed to investigate the regulatory effect of miR-137 on the transcription of its potential target gene, *CACNA1C,* and on the phosphorylation levels of tau proteins in SH-SY5Y cells.

Material and Methods
====================

Ethical statement
-----------------

All animal experiments were performed in strict accordance with the Institutional Animal Care and Use Committee (IACUC) and approved by China Medical University Animal Care and Use Committee.

Animals
-------

Six-month-old male APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) mice (N=6) (18--22 gm) and age-matched normal C57BL/6 mice (N=6) (18--22 gm) were purchased from Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China).

Morris water maze (MWM) test
----------------------------

A Morris water maze (MWM), 120 cm in diameter, and 40 cm in height, with a water depth of 24 cm was purchased from Anhui Zhenghua Biological Instrument Equipment Company (Anhui, China). The MWM test was performed to detect spatial learning and memory ability between the healthy control mice (N=6) and AD mice (N=6). The MWM apparatus was split into four quadrants with a platform, 9 cm in diameter and 23 cm in height, which was placed in the third quadrant. The MWM test consisted of two components, a place navigation test from day 1 to day 5, and a spatial probe test on day 6. During the place navigation test, four contiguous trials were performed each day. Each mouse was allowed an adaptation period of 20 seconds on the platform, then placed in each quadrant respectively, and given 60 seconds to reach the platform. The mice that reached the platform within 60 seconds remained on the platform for 5 seconds, while the mice were manually guided to the platform if the mice could not reach the platform within 60 seconds and remained on the platform for 10 seconds. During the spatial probe test, the platform was removed and the mice were placed in the first quadrant. The escape latency, swimming path, and target zone frequency of the mice were recorded.

Total RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------------------------------------

Total RNA was extracted using a high purity total RNA extraction kit (BioTeke, Beijing, China) and cDNAs were synthesized from RNA templates by Super M-MLV reverse transcriptase (BioTeke, Beijing, China). The reverse transcription products were then amplified using the SYBR Green reaction mix (SolarBio, Beijing, China). The primers used are shown in [Table 1](#t1-medscimonit-24-5635){ref-type="table"}.

The reaction conditions of reverse transcription were as follows: 25°C for 10 min, 42°C for 50 min, and 80°C 5 min. The PCR amplification conditions were: 95°C for 10 min, 40 cycles of 95°C for 10 seconds, 60°C for 20 seconds and 72°C for 30 seconds, and then 4°C for 5 min. The PCR reaction was performed on Exicycler™ 96 Real-Time Quantitative Thermal Block (Bioneer, Daejeon, Korea). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed four times. Data was determined via the 2^−ΔΔCT^ method \[[@b19-medscimonit-24-5635]\].

Western blot analysis
---------------------

The tissue and cell samples were collected and lysed with RIPA buffer (Beyotime, Beijing, China) containing 1% phenylmethylsulphonyl fluoride (PMSF) (Beyotime, Beijing, China). The protein concentration was measured by BCA Protein Assay Kit (Beyotime, Beijing, China). Primary antibodies for calcium voltage-gated channel subunit alpha-1 C (CACNA1C) (1: 200) (Santa Cruz, Santa Cruz, CA, USA), phosphorylated-tau (p-tau) (Ser 202) (1: 400) (Boster, Wuhan, China), p-tau (Ser 396) (1: 5000) (Abcam, Cambrisge, MA, USA), p-tau (Ser 404) (1: 500) (Sangon, Shanghai, China), tau (1: 500) (Sangon, China) and amyloid-β (Aβ) (1: 1000) (Sigma, St. Louis, USA) were used in this study.

Equal amounts of protein samples were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% dried skimmed milk powder and incubated with primary antibodies and horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (H+L) secondary antibody (1: 5000) (Beyotime, Beijing, China). Proteins were visualized by ECL Reagent (Seven Sea Biotech, Shanghai, China) and imaged with a gel imaging system. β-actin was used as an internal control.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The levels of amyloid-β (Aβ) peptides Aβ~1--40~ and Aβ~1--42~ were measured by ELISA using an ELISA Kit for Aβ~1--40~ and Aβ~1--42~ (USCN, Wuhan, China) following the manufacturer's instructions. The values at 450 nm were read using a microplate reader (BioTek, Winooski, VT, USA).

Immunofluorescence (IF) assay
-----------------------------

Sections of mouse cerebral cortex and hippocampus were fixed in formalin and embedded in paraffin wax. Tissue sections were cut at 5-μm onto glass slides, and sections were dewaxed with xylene and rehydrated with alcohol. Tissue sections underwent microwave antigen-retrieval for 10 min and blocked with goat serum (ZSGB-BIO, Beijing, China). The sections were incubated with primary antibodies for CACNA1C protein and Aβ overnight at 4°C, washed and then incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (H+L) and Cy3-labeled goat anti-rabbit IgG (H+L) secondary antibodies. Cell nuclear staining was done with 4′,6-diamidino-2-phenylindole (DAPI) (Beyotime, Beijing, China).

Cell culture
------------

Human SH-SY5Y neuroblastoma cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, MA, USA) containing 10% heat-inactivated fetal bovine serum (FBS) (Hyclone Co., Logan, USA), 100 units/ml of penicillin/streptomycin (Gibco^@^, Grand Island, USA) in 37°C in a humidified atmosphere of 5% CO~2~. Aβ~1--42~ (5 μM) was purchased from GL Biochem (Shanghai, China). Cells were firstly transfected with or without miR-137 mimics, miR-137 inhibitors, or normal control (NC) miRNA and treated for 48 hours. Then, the cultured cells were stimulated with 5 μM Aβ~1--42~ for 24 hours, and the cells were collected for the later experiments.

Cell transfection and luciferase assay
--------------------------------------

Luciferase assays were measured using the Dual-Luciferase^®^ Reporter (DLR^™^) Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. A 424-bp DNA fragment of the human *CACNA1C* gene containing the binding region of miR-137 was first amplified by using the following primer pair:

1.  forward, 5′-CTAGCTAGCGGGTTGTCTGTGTGC-3′,

2.  and reverse, 5′-ACTCGTCGACCTGAAACTGACCTGA-3′.

For the mutant type, the seed sequence was mutated as follows:

1.  forward, 5′-CAATGCTTAAATATTCATTTAAAAA-3′, and

2.  reverse, 5′-ATATTTAAGCATTGTTTTTGCATAT-3′.

These fragments were then inserted into pmirGLO vectors between NheI and SalI. The co-transfection of pmirGLO plasmids and miRNA mimics in SH-SY5Y cells was performed by using Lipofectamine 2000 reagent (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions. Forty-eight hours later, the Renilla luciferase activity was measured. The ratio of firefly to Renilla luciferase of each sample was calculated in triplicate.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad 6.0. Differences between two groups were determined using one-way analysis of variance (ANOVA), and multiple comparisons were performed with a Bonferroni *post hoc* test. Data were presented as the mean ± standard deviation (SD). P\<0.05 was considered to be statistically significant.

Results
=======

Behavioral evaluation and amyloid-β (Aβ) production between the APP/PS1 transgenic Alzheimer's disease (AD) model mice and the C57BL/6 healthy control mice
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To compare the behavioral differences between the APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) model mice and C57BL/6 healthy control mice, the Morris water maze (MWM) test was performed. The escape latency to reach the platform in AD mice was significantly longer compared with the C57BL/6 healthy control mice at day 4 and day 5 ([Figure 1A](#f1-medscimonit-24-5635){ref-type="fig"}) (P\<0.05). Representative swimming paths are shown in [Figure 1B](#f1-medscimonit-24-5635){ref-type="fig"}. AD mice crossed less frequently within the platform area compared with the C57BL/6 healthy control mice ([Figure 1B](#f1-medscimonit-24-5635){ref-type="fig"}). Also, the spatial probe test showed that the number of times the mice crossed the platform and the percentage of time in the target quadrant in the AD mice group were significantly reduced when compared with the C57BL/6 healthy control mice ([Figure 1C, 1D](#f1-medscimonit-24-5635){ref-type="fig"}) (P\<0.01). Expression levels of phosphorylated-tau (p-tau) (Ser202, Ser396, and Ser404) induced by Aβ~1--42~ amyloid-β (Aβ) peptides Aβ~1--40~ and Aβ~1--42~ in serum, hippocampus, and cerebral cortex between the AD mice and C57BL/6 healthy control mice were tested by enzyme-linked immunosorbent assay (ELISA) ([Figure 2](#f2-medscimonit-24-5635){ref-type="fig"}). The AD model mice had increased levels of Aβ~1--40~ and Aβ~1--42~ in serum, hippocampus, and cerebral cortex compared with the C57BL/6 healthy control mice ([Figure 2A, 2B](#f2-medscimonit-24-5635){ref-type="fig"}) (P\<0.01). Therefore, the AD model mice showed significantly impaired learning and memory ability compared with the C57BL/6 healthy control mice.

The expression levels of miR-137 were reduced and the expression levels of *CACNA1C* were increased in the APP/PS1 transgenic Alzheimer's disease (AD) model mice compared with these levels in the C57BL/6 healthy control mice
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To study the role of miR-137 in AD mice, the levels of miR-137 in the hippocampus and cerebral cortex in both the AD mice and C57BL/6 healthy control mice were also detected by real-time polymerase chain reaction (qRT-PCR) analysis. Data showed that levels of miR-137 in the hippocampus and cerebral cortex of AD mice were lower compared with the control mice ([Figure 3A](#f3-medscimonit-24-5635){ref-type="fig"}) (P\<0.01). Because calcium voltage-gated channel subunit alpha-1 C (CACNA1C) was also implicated in the pathogenesis of AD, the protein level of CACNA1C was also measured by Western blot. The protein level of CACNA1C in both the hippocampus and cerebral cortex of AD mice was significantly increased compared with the control mice ([Figure 3B](#f3-medscimonit-24-5635){ref-type="fig"}). Also, double immunofluorescence staining of CACNA1C and Aβ was seen in both the hippocampus and cerebral cortex of AD mice ([Figure 3C](#f3-medscimonit-24-5635){ref-type="fig"}). These findings indicated that the level of miR-137 was decreased, whereas the level of CACNA1C was increased in the hippocampus and cerebral cortex of AD mice compared with healthy control mice.

MiR-137 regulated *CACNA1C* gene expression in human neuroblastoma SH-SY5Y cells
--------------------------------------------------------------------------------

To identify the direct target of miR-137 in mediating the pathological course of AD, bioinformatics analysis was performed and predicted that *CACNA1C* gene transcript was a candidate target of miR-137. The 3′-UTR of the *CACNA1C* transcript contains putative miR-137 binding sites ([Figure 4A](#f4-medscimonit-24-5635){ref-type="fig"}), and the luciferase reporter assay was performed to verify their interaction. [Figure 4B](#f4-medscimonit-24-5635){ref-type="fig"} shows the significant inhibitory effect of miR-137 on the activity of luciferase reporter for *CACNA1C* 3′-UTR but not mut-*CACNA1C* 3′-UTR ([Figure 4B](#f4-medscimonit-24-5635){ref-type="fig"}) (P\<0.01). The regulatory role of miR-137 in *CACNA1C* expression was further validated by examining *CACNA1C* expression in human neuroblastoma SH-SY5Y cells transfected with miR-137 mimics or inhibitors, by Western blot analysis. Data showed that compared with SH-SY5Y cells transfected with NC-miRNA, miR-137 mimics significantly decreased the protein expression level of CACNA1C, whereas miR-137 inhibitor increased the CACNA1C level in SH-SY5Y cells ([Figure 4B](#f4-medscimonit-24-5635){ref-type="fig"}). Therefore, miR-137 inhibited the expression of CACNA1C by directly binding to the 3′-UTR of *CACNA1C* mRNA in SH-SY5Y cells.

MiR-137 suppressed the phosphorylation of tau induced by Aβ~1--42~ in SH-SY5Y cells
-----------------------------------------------------------------------------------

To evaluate the possible regulatory effect of miR-137 on Aβ~1--42~-induced hyperphosphorylation of tau, SH-SY5Y cells transfected with miR-137 mimics, miR-137 inhibitor, or NC-miRNA were treated with or without Aβ~1--42~. The results indicated treatment with Aβ~1--42~ significantly increased the levels of hyperphosphorylation of tau at the sites Ser202, Ser396 and Ser404 in SH-SY5Y cells. However, this increased hyperphosphorylation of tau was significantly inhibited by miR-137 mimics, whereas transfection with miR-137 inhibitor increased Aβ~1--42~-induced hyperphosphorylation of tau in SH-SY5Y cells ([Figure 5](#f5-medscimonit-24-5635){ref-type="fig"}). These results indicate that miR-137 suppressed the Aβ~1--42~-induced hyperphosphorylation of tau in SH-SY5Y cells.

Discussion
==========

Alzheimer's disease (AD) is characterized by the accumulation of intracellular accumulation of insoluble hyperphosphorylated tau proteins (p-tau) and abnormal protein deposits, or plaques, composed of amyloid-β (Aβ) peptides (Aβ~1--40~ and Aβ~1--42~). Although extensive research has been dedicated to the identification the pathogenesis and prevention of AD, these processes remain poorly understood.

Micro-RNAs (miRNAs) have been shown to be potential biomarkers and therapeutic targets for a variety of psycho-neurologic disorders \[[@b20-medscimonit-24-5635]\]. micro-RNA-137 (miR-137) has been shown to be a regulator of neuronal development and cognitive function, was identified as a predictor for a cognitively impaired subtype of schizophrenia and reduced positive psychosis symptoms of schizophrenia \[[@b21-medscimonit-24-5635],[@b22-medscimonit-24-5635]\] \[38\], and as a regulator for Aβ expression in AD patients \[[@b23-medscimonit-24-5635]\]. However, studies on the functions of miR-137 in AD remain limited. In the present study, the regulation and function of miR-137 in an APPswe/PS1ΔE9 (APP/PS1) double-transgenic mouse model of AD was investigated *in vivo* and in human neuroblastoma SH-SY5Y cells*in vitro*, with the aim of the study being to determine the role of miR-137 and the *CACNA1C* gene in AD mice and in human neuroblastoma SH-SY5Y cells.

The findings of this study were that spatial learning and memory ability in the APP/PS1 transgenic mice, which were utilized as an AD model, were significantly decreased compared with the C57BL/6 healthy control mice using the Morris water maze (MWM) test. Also, levels of Aβ~1--40~ and Aβ~1--42~, key proteins associated with the pathogenesis of AD, were increased in the serum, hippocampus, and cerebral cortex in AD mice, compared with healthy controls. The level of miR-137 was decreased, whereas the protein expression of CACNA1C was increased both in the hippocampus and cerebral cortex of AD mice. Data from this study showed that miR-137 regulated the expression of *CACNA1C* by binding to the 3′ UTR of its mRNA, with the increased expression levels of phosphorylated tau (p-tau) (Ser202, Ser396, and Ser404) induced by Aβ~1--42~ inhibited by miR-137 mimics in the human neuroblastoma SH-SY5Y cells.

MiR-137 levels have been shown clinically to be decreased in the serum of patients with AD and could be used as a marker for early diagnosis \[[@b24-medscimonit-24-5635]\]. Loss of miR-137 and miR-181c has been shown to increase serine palmitoyltransferase (SPT), which is the first rate-limiting enzyme that elevates ceramide levels, which have been reported to be associated with sporadic AD, and the generation of Aβ, which is a protein that contributes to the pathogenesis of AD when located in the brain \[[@b12-medscimonit-24-5635]\]. In the present study, a decrease in miR-137 levels and an increase in Aβ levels in the AD mouse hippocampus and cerebral cortex were observed. MiR-137 has been reported to regulate certain forms of schizophrenia by binding to its target genes *CSMD1*, *C10orf26*, *TCF4,* and also *CACNA1C* \[[@b25-medscimonit-24-5635]\]. Until now, *CACNA1C* expression was regarded as a risk factor for multiple neuropsychiatric disorders, such as bipolar disorder and depressive disorders, as determined by molecular analysis \[[@b26-medscimonit-24-5635],[@b27-medscimonit-24-5635]\]. The upregulation of *CACNA1C* caused by Aβ peptides has also been previously shown to be associated with AD risk *in vitro* \[[@b28-medscimonit-24-5635]\]. The data from the present study showed that when accompanied by an increasing level of Aβ, the *CACNA1C* gene was up-regulated in the hippocampus and cerebral cortex in AD mice and that miR-137 regulated the expression of the *CACNA1C* gene by binding to *CACNA1C* 3′UTR directly in SH-SY5Y cells.

Previously published studies have shown that hyperphosphorylation of tau is highly correlated with the neurodegeneration in AD, which leads to reduced ability to bind microtubules, resulting in a destabilization of microtubule network, and neurofibrillary tangle formation \[[@b29-medscimonit-24-5635]\], as well as neuronal death \[[@b30-medscimonit-24-5635]\]. Tau has been confirmed to be phosphorylated at more than 30 serine/threonine residues in the brains of AD patients \[[@b31-medscimonit-24-5635]\]. The results of the present study showed that SH-SY5Y cells exposed to Aβ~1--42~ could induce hyperphosphorylation of tau at Ser202, Ser396, and Ser404, which was inhibited by miR-137 in this study. Previously published studies have reported that several kinases, including p-38, MAPK, ERK, and GSK3β have been shown to regulate the phosphorylation of tau \[[@b32-medscimonit-24-5635],[@b33-medscimonit-24-5635]\]. Jakobsson et al. found that the hyperphosphorylated tau: total tau ratio in cerebrospinal fluid of patients with bipolar disorder was significantly associated with the single nucleotide polymorphism (SNP) rs1006737, situated in *CACNA1C* encoding the alpha 1C subunit of the L-type voltage-gated calcium channel CaV1.2 \[[@b34-medscimonit-24-5635]\]. Cav1.2 is clustered at postsynaptic sites \[[@b35-medscimonit-24-5635]\], where it contributes to calcium+influx; an increase in calcium influx through CaV1.2 is thought to contribute to neuronal dysfunctions such as is found in AD \[[@b13-medscimonit-24-5635]\]. Furukawa et al. have previously reported that tau mutation interacts with L-type calcium channel activity in SH-SY5Y cells \[[@b36-medscimonit-24-5635]\]. From the findings of the above studies, together with the findings of the present study, it may be possible to propose that miR-137 inhibits Aβ-induced hyperphosphorylation of tau by targeting *CACNA1C* in AD disease.

This study had several limitations, and was a preliminary study that included small numbers of study mice (AD model) and control mice. The findings of the study showed that miR-137 inhibited the hyperphosphorylation of tau and directly targeted the 3′UTR of *CACNA1C* in the SH-SY5Y cells*in vitro*. However, the relative interactions between miR-137, p-tau, *CACNA1C*, and Aβ, and the regulatory effect of miR-137 on the progression of AD *in vivo* require further investigation.

Conclusions
===========

The findings of this study, using a double-transgenic mouse model of Alzheimer's disease (AD) and human neuroblastoma SH-SY5Y cells, have shown that expression levels of micro-RNA-137 (miR-137) were low in AD mice, which might indicate the regulatory function of mir-137 in the pathogenesis of AD by inhibiting the hyperphosphorylation of the tau protein. Also, miR-137 regulated the expression of the calcium voltage-gated channel subunit alpha-1 C (*CACNA1C*) gene by directly binding to the 3′-UTR of *CACNA1C* in SH-SY5Y cells. The findings of this study have shown a novel interaction between miR-137 and *CACNA1C*, which suggests that miR-137 may be a potential diagnostic or therapeutic target for AD. Further studies are recommended to investigate the role of miR-137 in AD.
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![Behavioral evaluation of the APPswe/PS1ΔE9 (APP/PS1) double-transgenic mouse Alzheimer's disease (AD) model by the Morris water maze (MWM) test. (**A**) The mean daily latencies of escape in the normal C57BL/6 control mice (N=6) and the APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) mouse model (N=6). (**B**) Representative tracks for the AD mouse model and the normal C57BL/6 control mice in the Morris water maze (MWM) test at day 6. (**C, D**) The times across the platform and percentage of time in each platform quadrant, at day 6 of the MWM. The comparison is between the two groups, the AD mouse model and the normal C57BL/6 control mice. Statistically significant differences between groups are denoted by \* P\<0.05, \*\* P\<0.01, \*\*\* P\<0.001, \*\*\*\* P\<0.0001.](medscimonit-24-5635-g001){#f1-medscimonit-24-5635}

![Levels of amyloid-β (Aβ) peptides, Aβ~1--40~ and Aβ~1--42~ in the mouse serum, hippocampus, and cerebral cortex in the APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) mice and the normal C57BL/6 control mice, measured by enzyme-linked immunosorbent assay (ELISA). (**A, B**) Levels of the Aβ~1--42~ amyloid-β (Aβ) peptides Aβ~1--40~ (**A**) and Aβ~1--42~ (**B**) in the normal C57BL/6 control mice (N=6) and the APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) mice (N=6) are measured by an enzyme-linked immunosorbent assay (ELISA). Differences between groups are denoted by \* P\<0.05, \*\* P\<0.01, \*\*\* P\<0.001, \*\*\*\* P\<0.0001.](medscimonit-24-5635-g002){#f2-medscimonit-24-5635}

![Expression levels of micro-RNA-137 (miR-137), the CACNA1C protein, and amyloid-β (Aβ) in the normal C57BL/6 control mice (N=6) and the APPswe/PS1ΔE9 (APP/PS1) double-transgenic Alzheimer's disease (AD) mice (N=6). (**A**) The expression levels of micro-RNA-137 (miR-137) in the hippocampus and cerebral cortex of healthy control mice (N=6) and the APP/PS1 Alzheimer's disease (AD) mice are measured by quantitative real-time polymerase chain reaction (qRT-PCR) analysis. (**B**) Western blot shows that the protein level of calcium voltage-gated channel subunit alpha-1 (CACNA1C) is increased in the APP/PS1 AD mice. (**C**) The immunofluorescence (IF) assay shows increased expression levels of CACNA1C protein and amyloid-β (Aβ)-containing plaques in both the hippocampus and cerebral cortex in APP/PS1 AD mice compared with healthy controls. Scale bar, 100 μm.](medscimonit-24-5635-g003){#f3-medscimonit-24-5635}

![micro-RNA-137 (miR-137) targets the *CACNA1C* gene in human neuroblastoma SH-SY5Y cells. (**A**) (**left panel**). The predicted micro-RNA-137 (miR-137) binding sites on the 3′-UTR of *CACNA1C* transcript (from TargetScanHuman, Version 7.1, June 2016). (**A**) (**right panel**). Luciferase reporter assay on the interaction between miR-137 and *CACNA1C* 3′-UTR. A mutant *CACNA1C* (mut-*CACNA1C*) is tested to validate the specific binding. (**B**) The regulatory effects of miR-137 on the expression of *CACNA1C* in human neuroblastoma SH-SY5Y cells. The expression levels of CACNA1C protein measured by Western blot analysis. Statistically significant differences between groups are denoted by \* P\<0.05.](medscimonit-24-5635-g004){#f4-medscimonit-24-5635}

![micro-RNA-137 (miR-137) suppresses the phosphorylation of tau protein (p-tau) in human neuroblastoma SH-SY5Y cells. (**A, B**) The levels of p-tau (ser202), p-tau (ser396), p-tau (ser404) and tau protein in amyloid-β (Aβ) peptide Aβ~1--42~-induced human neuroblastoma SH-SY5Y cells transfected with micro-RNA-137 (miR-137) mimics or miR-137 inhibitors are analyzed by Western blot.](medscimonit-24-5635-g005){#f5-medscimonit-24-5635}

###### 

Primer list for real-time PCR.

  Primer name    Sequence (5′-3′)
  -------------- --------------------------
  miR-137-3p F   GGACACGCTTATTGCTTAAGAATA
  miR-137-3p R   GTGCAGGGTCCGAGGTATTC
  U6-F           CTCGCTTCGGCAGCACA
  U6-R           AACGCTTCACGAATTTGCGT
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